In cultured cells and isolated perfused organs, catecholamines are coreleased with chromogranin A (CgA) from adrenal chromaffin cells and sympathetic neurons. The corelease suggests that exocytosis is the mechanism of catecholamine secretion. To investigate whether physiologic catecholamine secretion is exocytotic in humans, we measured plasma norepinephrine, epinephrine, and CgA responses to differentiated stimuli of sympathoadrenal discharge. The CgA radioimmunoassay antibody recognized authentic CgA in normal human adrenal chromaffin vesicles. Insulin-induced hypoglycemia and caffeine ingestion, in decreasing order of potency, selectively stimulated epinephrine release from the adrenal medulla. During hypoglycemia, plasma levels of epinephrine and CgA rose, and peak plasma levels of epinephrine and CgA correlated, suggesting that gradations in epinephrine release represented gradations in exocytosis. However, significant increments in plasma CgA were not observed after caffeine ingestion. Furthermore, the rise of CgA levels during hypoglycemia lagged 60 minutes behind those of epinephrine. A less-pronounced temporal dissociation between CgA and epinephrine release was also shown in isolated chromaffin cells in vitro. Selective adrenal vein catheterization suggested a barrier to CgA transport across the adrenal capillary wall. Short-term, high-intensity dynamic exercise, assumption of the upright posture, prolonged low-intensity dynamic exercise, and smoking, in decreasing order of potency, stimulated norepinephrine release from sympathetic nerve endings. Only the first sympathetic neuronal stimulus resulted in significant increments in plasma CgA, increments considerably less than those attained during adrenal medullary activation by insulin hypoglycemia.
In cultured cells and isolated perfused organs, catecholamines are coreleased with chromogranin A (CgA) from adrenal chromaffin cells and sympathetic neurons. The corelease suggests that exocytosis is the mechanism of catecholamine secretion. To investigate whether physiologic catecholamine secretion is exocytotic in humans, we measured plasma norepinephrine, epinephrine, and CgA responses to differentiated stimuli of sympathoadrenal discharge. The CgA radioimmunoassay antibody recognized authentic CgA in normal human adrenal chromaffin vesicles. Insulin-induced hypoglycemia and caffeine ingestion, in decreasing order of potency, selectively stimulated epinephrine release from the adrenal medulla. During hypoglycemia, plasma levels of epinephrine and CgA rose, and peak plasma levels of epinephrine and CgA correlated, suggesting that gradations in epinephrine release represented gradations in exocytosis. However, significant increments in plasma CgA were not observed after caffeine ingestion. Furthermore, the rise of CgA levels during hypoglycemia lagged 60 minutes behind those of epinephrine. A less-pronounced temporal dissociation between CgA and epinephrine release was also shown in isolated chromaffin cells in vitro. Selective adrenal vein catheterization suggested a barrier to CgA transport across the adrenal capillary wall. Short-term, high-intensity dynamic exercise, assumption of the upright posture, prolonged low-intensity dynamic exercise, and smoking, in decreasing order of potency, stimulated norepinephrine release from sympathetic nerve endings. Only the first sympathetic neuronal stimulus resulted in significant increments in plasma CgA, increments considerably less than those attained during adrenal medullary activation by insulin hypoglycemia.
During high-intensity exercise, peak plasma norepinephrine and CgA levels correlated, suggesting that gradations in norepinephrine release represented gradations in exocytosis. The human adrenal medulla was a far more prominent tissue source of CgA than human sympathetic nerves -adrenal medullary homogenates contained 97-fold more CgA(,ug/g) than sympathetic nerve homogenates. In conclusion, catecholamine secretion during selective stimulation of either sympathetic nerves or the adrenal medulla is, at least in part, exocytotic. Furthermore, stimulation of the former resultsin comparatively modest changes in plasma CgA compared with changes attained during stimulation of the latter. CgA appears to be transported by a route different from that of catecholamines from adrenal medullary chromaffin cells to the circulation in vivo. (Circulation 1990; 81:185-195 CgA is the major protein in the soluble core of catecholamine storage vesicles in the sympathoadrenal system.10 In essential hypertension, plasma CgA is modestly elevated, suggesting an excess of basal exocytotic sympathoadrenal activity in this disorder.1" The origin of this elevation in circulating CgA immunoreactivity, whether from a sympathetic neuronal or an adrenal source, is, however, not yet known. In addition, plasma CgA is elevated in patients with pheochromocytoma, suggesting that catecholamine secretion from the tumor is, at least in part, exocytotic in mechanism. 12 We measured plasma catecholamine responses, along with those of CgA, to various known selective physiologic stimuli of either sympathetic neuronal or adrenal medullary chromaffin cell discharge. Our findings provide further insight into the mechanism of catecholamine release in humans in vivo and into the potential sources of circulating CgA.
Methods

In Vivo Studies
The study group consisted of 11 female and 34 male volunteers, 23-68 years old. All subjects were studied in the morning after an overnight fast. Blood samples for determination of CgA and catecholamines (see below) were drawn through a heparin-lock inserted into a forearm vein 30 minutes before study. Catecholamine release. Primary cultures of bovine adrenal medullary chromaffin cells were prepared and maintained in monolayer culture as described by Livett13 in 24-well plastic plates at a density of 2.5 x105 cells/well. After at least 3 days in culture, cells were rinsed three times in 1 ml release medium (0.15 M NaCl, 0.005 M KCI, 0.01 M Na HEPES, pH 7.0), and then stimulated to secrete into 1 ml release medium at 250 C. Catecholamine and CgA release were evaluated as a function of extracellular calcium (0 or 2 mM CaCl2), membrane depolarization by extracellular potassium (5 or 50 mM KCl, with appropriate adjustment of sodium chloride to conserve ionic strength of the medium), the nicotinic cholinergic agonist carbamylcholine chloride (carbachol, from 10-8 to 10-2 M), and time (from 0 to 64 minutes). At the conclusion of the release period, supernate and cells were separated, and the cell pellet was lysed with 0.1% Triton X-100 so that release results could be expressed as a percentage of cell total stores (supernate/supernate+cell). A portion of each fraction was acidified with 0.2N perchloric acid (for catecholamine preservation and protein precipitation), and both neutral and acidic fractions were stored at -70 0 C before assay. Bovine chromogranin A10 was measured in neutral fractions, whereas catecholamines14 were measured in perchloric acid extracts. All experiments and controls were run in quadruplicate (four wells).
CHROMOGRANIN A AND CATECHOLAMINES IN ADREN-ERGIC TISSUES. Human chromaffin cell homogenates were prepared from adrenal medulla dissected from four patients at autopsy. Human sympathetic nerve homogenates were prepared from sympathetic axons dissected from autopsy vas deferens. The tissue was minced, homogenized with a Tissuemizer (Tekmar Co., Cincinnati, Ohio) in ice-cold 10 mM Na phosphate, pH 6.5 (at 1:10 ratio of tissue buffer), frozen and thawed, and centrifuged at 10,000g for 10 minutes to sediment debris, whereupon the supernatant was frozen at -70°C before assay. Tissue homogenates were assayed for CgA and catecholamines.14 Catecholamines (norepinephrine and epinephrine) are stable in human postmortem tissues in situ at 40 C."s The homogenization buffer was chosen to hypotonically lyse catecholamine storage vesicles while retaining both catecholamines and CgA undegraded.
Immunoblotting. Chromaffin vesicles were isolated from normal human surgical adrenal medulla by sucrose density gradient centrifugation as previously described. 1016 Chromaffin vesicles were lysed in hypotonic buffer (1 mM Na phosphate, pH 6.5), and the membranes were removed by preparative ultracentrifugation (100,OOOg, 60 minutes), leaving soluble vesicle core constituents (chromaffin vesicle lysate) in the supernatant.
Chromaffin vesicle lysate proteins were denatured in 2% sodium dodecyl sulfate (SDS) (Sigma Chemical Co., St. Louis, Missouri) in the presence of 20 mM dithiothreitol (Sigma Chemical), electrophoresed through 10% SDS-polyacrylamide gel electrophoresis (PAGE) slab gels, transferred electrophoretically to nitrocellulose, and stained either for total proteins with amido black,17 or for immunoreactive CgA by immunoblotting17 visualizing with an avidinbiotin complex bridge (Vectastain, Vector Labs., Inc., Burlingame, California).
The primary antibodies used were 1) rabbit antihuman pheochromocytoma chromogranin A12 (the antibody used for the human chromogranin A radioimmunoassayl2"18), and 2) rabbit anti-bovine chromogranin A synthetic C-terminal 16-mer. 19 Assays. Human chromogranin A was quantified by a rapid modification18 of the previously described homologous double-antibody equilibrium radioimmunoassay.' The assay had intra-assay and interassay coefficients of variation of 4.2% and 8.2%, respectively. Bovine chromogranin A (for release from cultured chromaffin cells) was measured by homologous radioimmunoassay as previously described.10 Plasma catecholamines (norepinephrine and epinephrine) from in vivo human experiments were measured radioenzymatically.20 Plasma samples collected during insulin hypoglycemia were assayed for norepinephrine and epinephrine by radioimmunoassay after conversion to their methoxy (i.e., metanephrine) derivatives. 21 Figure 3A) . Plasma CgA levels displayed a small but significant (p<0.01) 1.2-fold rise in response to exercise. Basal levels of CgA correlated with neither norepinephrine nor epineph- rine levels. However, levels of CgA and norepinephrine displayed a positive correlation at their peak, 2 minutes after exercise (r=0.7, n=12, p=0.02). As depicted in Figure 3B , the relative increases in plasma albumin, CgA, and norepinephrine levels were 14%, 21%, and 303%, respectively. The basal plasma epinephrine levels in this study ( Figure 3A) Figure 5 , were increased by standing, whereas CgA levels remained unaltered. Plasma norepinephrine levels were significantly elevated within 5-10 minutes of assuming upright posture, rising 2.6-fold (p<0.001) after 30 minutes of ambulation. In contrast, plasma epinephrine levels rose only later and less prominently (1.4-fold) 30 minutes after standing. Both diastolic blood pressure and pulse rate rose significantly (p<0.001).
SMOKING. Smoking did not significantly alter blood pressure or pulse rate ( Figure 6 ). Plasma epinephrine and CgA levels were unchanged by cigarette smoking, whereas there was a small but significant Figure 7A and B) .
To explore whether this disparity was time dependent, we examined the time course of release of CgA and epinephrine in response to 10`4 M carbachol ( Figure 7C ). Although both show progressive release with time, CgA release lags behind epinephrine release. The lag is maximal at 20 minutes (when epinephrine has been maximally released) but narrows as CgA and epinephrine percent release approach equivalence at 64 minutes ( Figure 7C ). Immunoblotting. The antisera, including that used in the human chromogranin A radioimmunoassay, 2'9 recognized an M, 70-75 kd CgA immunoreactive band in human adrenal medullary chromaffin vesicles (Figure 8 ) as well as lower molecular size bands (putative intravesicular cleavage products of the parent CgA molecule20). The SDS-PAGE Mr of human CgA is in the range of previous reports. 24 ChromograninA and catecholamines in human adrenergic tissues. Sympathetic nerves contained 97-fold less CgA (,g/g wt) than adrenal medulla. Within the adrenal medulla, CgA and catecholamines were present in a mass stoichiometric ratio of 0.5+0.1 to 1 (gg/,ug), epinephrine representing 97±0.8% of the total catecholamines ( Table 2 ). The ratio of CgA to norepinephrine in sympathetic nerves was estimated at 0.9+0.3 to 1 ( Table 2) . (Figure 8 ). Stimuli tested here exert differential effects on sympathetic neuronal versus adrenomedullary chromaffin cell activity. Insulin hypoglycemia28,29 and caffeine ingestion,30 in descending order of potency, stimulate predominantly adrenomedullary epinephrine release, whereas dynamic exercise28 and assumption of the upright posture31,32 stimulate norepinephrine release from sympathetic nerves. Comparable increments in both norepinephrine and epinephrine levels have been observed in response to cigarette smoking. 33 As predicted, insulin-induced hypoglycemia resulted in a greater degree of adrenomedullary stimulation than did caffeine ingestion as reflected by a greater rise in epinephrine (Figures 1 and 2) . No significant increments in plasma norepinephrine levels were detected, suggesting that neither test stimulated sympathetic nerves (Figures 1 and 2) . CgA levels rose significantly during hypoglycemia, whereas they remained unchanged after caffeine ingestion (Figures 1 and 2) , suggesting that physiologic catecholamine secretion is exocytotic during intense adrenomedullary discharge. This conclusion is reinforced by the significant correlation (at 60 minutes, r=0.877, n=12, p<0.001) between stimulated levels of CgA and epinephrine observed during hypoglycemia. Thus, gradations of epinephrine release represent gradations of exocytosis. The rise of plasma CgA was slower than that of epinephrine. This temporal dissociation in the appearance of the plasma CgA peak (90-120 minutes) versus the epinephrine peak (30-60 minutes) (Figure 1 ) suggests different modes of transport of CgA and epinephrine from the chromaffin granule to the circulation.
Can CgA be transported across the adrenal capillary wall into the circulation? To explore further the temporal dissociation of CgA and epinephrine appearance, we determined the plasma concentrations of CgA and catecholamines in the left adrenal vein and the inferior vena cava (Table 1) as well as the ratio of CgA to catecholamines in normal human adrenal medullae ( Table 2 ). The mass ratio of CgA to catecholamines in the adrenal medulla was 0.5+±0.1 to 1. If soluble core constituents (CgA, catecholamines) of the chromaffin granule are released together and cotransported directly into the circulation, a proportional step up in CgA and epinephrine levels, in the ratio of 0.5 to 1, into the adrenal vein is predicted. However, a marked step up in plasma epinephrine (mean change, approximately 27 ng/ml, 40 Among the selective stimuli of sympathetic neuronal norepinephrine release, short-term, highintensity dynamic exercise was the most potent (Figure 3A) . CgA and norepinephrine were significantly correlated at their peak plasma concentrations 2 minutes after exercise (r=0.7, n=12, p=0.02); thus, gradations of norepinephrine release represent gradations of exocytosis. The postexercise decline in plasma norepinephrine was faster than that of CgA, suggesting a slower rate of plasma clearance or longer half life of CgA ( Figure 3A) . The relative increase in plasma CgA was greater than that of plasma albumin (21% vs. 14%), and CgA's postexercise decline followed a time course different from that of albumin; thus, changes in plasma CgA levels were not simply the result of hemoconcentration ( Figure 3B ).
Selective stimulation of sympathetic nerves ( Figure  3A plasma CgA levels compared with changes attained during adrenomedullary activation (Figure 1 ). This observation is consistent with the greater abundance (97:1) of CgA in adrenal medullary compared with sympathetic neuronal tissue sources (Table 2) . Only rather intense stimulation of the adrenal medulla (Figures 1 and 2 ) and sympathetic neurons (Figures 3-6 ) measurably changed plasma CgA levels. Does this indicate that modest augmentations in sympathoadrenal outflow (Figures 2, 5 , and 6) result in diffusional or otherwise nonexocytotic catecholamine secretion? Considering the small magnitude of plasma catecholamine increments during modest adrenal or sympathetic stimulations (40-240 pg/ml) (Figures 2 , 5, and 6), the tissue source ratios of CgA to catecholamines (Table 2 ) and the relatively high basal concentration of CgA (20-50 ng/ml), one might predict that all-or-none (exocytotic, proportional) corelease of catecholamines and CgA under these circumstances would augment plasma CgA by less than 1 ng/ml, a change likely to be imperceptible by the CgA radioimmunoassay. The relatively high basal plasma CgA concentration may also be a function of its multiple potential endocrine tissue sources. 41 In any event, plasma CgA changes are not informative for modest changes of exocytotic catecholamine release within the physiologic range (e.g., Figures 2, [4] [5] [6] .
It could also be argued that mild sympathetic neuronal activation results in selective exocytosis from CgA-poor small dense core vesicles rather than CgA-rich large dense core vesicles.42 However, there are no known mechanisms for selective exocytotic mobilization of small over large dense core vesicles. Furthermore, large dense core vesicles are relatively abundant in human sympathetic neurons. 42 Indeed, electrical stimulation of human sympathetic axons in vitro mobilizes large and small dense core vesicles to morphologic exocytosis. 43 Finally, in the adrenal medulla, there is no CgA-poor population of chromaffin granules or chromaffin cells44-46 from which catecholamines could be mobilized by exocytosis without CgA during modest adrenal medullary activation (Figure 2 ).
Larger absolute (ng/ml) changes in CgA than in catecholamines during intense sympathoadrenal stimulation (Figures 1 and 3) suggest a longer plasma half-life, or delayed plasma removal rate, for CgA compared with catecholamines. This explanation is supported by an inspection of the relative rates of decline of CgA and catecholamines after stimulation (Figures 1 and 3) . We have determined plasma CgA immunoreactivity's half-life after sympathoadrenal deactivation to be 18.4 minutes,12 whereas the halflife for plasma norepinephrine is about 2 minutes.47 Plasma CgA's disposition or removal may in part depend on the kidney. '8 In conclusion, the most parsimonious interpretation of our data is that physiologic catecholamine release in humans, from either the adrenal medulla or sympathetic neurons, is exocytotic. This conclusion is especially evident at extremes of sympathoadrenal activity (Figures 1 and 3) .
